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Recent Development of Fkxharqeakde Lithium-ion Cells
at JI’L. -

(: IICII-KUO IIuang,  N’larshall StII:tr  i, ], $illl l)avics, :I)to  Sllltlt:tltio Surampudi

The  objcctivc  of this work  is m idmtify  CICC{I(IL]( II,r:tc{i:d  ;lI cIcLIIO1>  IL’S  j,)} llllliLll[l-  it)[l  CLIIS to bc used in N.4SA’S  N c w
M i l l e n n i u m  spaccctaft  and to dC.tnOIISIIaIC.  IIIC il(l~illi[l}}( (1 ttI ~~ tccIIIIoloII,y.”  I<C(CII[ })[~):l,~s ]Ias SI1OWH  that [he e l e c t r o d e
fabrication mcthd plays at] important role. ‘1’hc  I(v,l [,CI [I,, ,$, II,,, of CCIIS  (x)ntai!iilly, tt(cw cl(,t.[I{Nlcs  has led to the selection of
graphik amdc male]  ial, 1 ,iCo02  calhmtc  llmlm idl, ( ‘(I!I:IIcI  ? $[KI ..[mr:tttll, :Id 1 \I I .il’l ~ itl (.~~)’l 1 K’ -t 70cY0  l)M~)  ekctrolytc  as

our base. line lji-ion cell mate.rials. in additiwl,  llIc (I ;: II I: II ILII (II lIcw allci[)alilti  II(J]I  r.ItlN)li  Iyllc  anock  m a t e r i a l  i n  lji-ion cells

i s  a l s o  discwsscd.  \Vc a l s o  a p p l i e d  (1IC  l’aguc}ti  dr{i~(l  rll({lt  ):1 [i) :~~ist  it} III(  i{ll’~ltil’ic:l!iol~  (JI kcy  cdl dc.sign pmrmckrs.  All  of
the  above  faclors  IIlcntioncd,  as well as lhc dcvc!~)IIIIIL”llt  (JI lllii [ liIpcr;i[Lltc  ] i- i(ll(  CL:]I syslt’!Ik\,  atc  discL]sscd b e l o w .

Introduction

1,ithiunl-ion  tc.chnology  h a s  cmcrgd  a~ ii }’J:I’ IL
altcrmalivc  to t h e  USC o f  lilhium  m e t a l  itl t(’cll:it}’.d~ h
Cells ‘l). ‘1’his  t echnology  tqmscnts a ncw  gcmr{llio]l  (I1  i: IL
ligh[wci~ht,  and hip,h c.ncrp,y mcharge.able battct  it+ II i~ :tl.<,

attractive due. to tlw capability of lm)g  cycle lilt ~{}:l~llil+,c
WI(I1 al]  CllC1’~~  dCll Slty tll;lt CXCCdS all 10117  ll~C(l  i:,]lj<’( ‘ilk.

rwhargcahlc  hat(crics.  Oul w o r k  h a s  Iocuscd  (JII (lc.i~il  II
and huil(iillp,  “l~rooi’-of-cot~ccl~t” cells  o f  sll~all  si(: (,IV1
nlAh  to 3Ah) w i t h  1,i(hoz p o s i t i v e  and glaplli[c  llt::[{ I\L
clcctro(tcs.  Specifically, the research has inv[)lv(d  IIlt ~1~ Ii!
o f  n e w  almlc  IIlatcrials. eflcct o f  difljt(vll  Iyl )(< (}1
clcctrolytcs,  t y p e s  o f  scpamtors, Clccll{xlu f;ll,i.;l{li)ll
tcchniqucs,  ‘J’aguchi  cdl d e s i g n  sludics,  Sclcdi(lrl  of t it i I(II

(mk or p,t aphitc)  m a t e r i a l s ,  a n d  dcvclopnlrrlt  {~1 II IV
tc]npct-aturc  K.&t y,cablc 1  i-ion  CCIIS. ‘1’IIc  1.i i(~t I  ~~  (1
chemistry in our prwmt  contlguration ofhs  }JI (~]l!ii~  II);
future spacmrafl  apl)licat  ions. in this papc.r,  WL’ SUIIII  II:iI ;<I,  I

the results 01 out lcccnt  st[dics  on 1 i-ion cell (I(vclo})ftl<v  1

Experimental

I’he.  :Il)odc 1]1:11(’1  inls lISNI in this sludy  wer  c (ithil  L ill I, )11
(colic, grajhitc) or non-carlmn  type (M,g2Si)  tll;itci i;,l, it)
a n o d e  ac(ivc. ]natel  ials  (carbon  or Mgj Si) f;,:l< Jill  ~1.~1 \ itll
polyvinylcdcnc  f l u o r i d e  (1’Vdl/)  binder  in ‘(IK al,l,r,~lu  ,:11
solvent to produce a slurr y and spray-coated ()]  I co] q I.  I I { I I I

s u b s  fratcs,  In  addi t ion ,  MgJi anodes  WC{C  rll;t~l~.  v II II ;I

“1’cflon  (l’J;l i) b i r d e r  i n  tllc  sanm  m a n n e r-  atl{l  l~,it  ,Iv J

c\a!u;lt{d.  ‘1’tlr Ixwi~i\l  {lcctldc,  usirr~  a l u m i n u m  f o i l  a s
sub. (r~i{c,  \\; K r]la(lc  i[~llrl  it ]Ilixtut-c of 1,iQ@2,  Shawinigan

t,latk  :illd l’Vdl  t~irl~kr.  hlictoporous  po lypropylene ,  e i ther
( kl![m,l  24(0  ()] 2500.”  V/ii\ uwxl as the separator material .
‘J’lw (lcc[r  t)ly[c UWY1  f(u (cIIs containing c.ither graphite
c-:11 Imll w l\lp~Si  aIl(Kii JI,t\ I hl 1 iil’l;(, in mixed (by volume
]Lllii))  sol\(.tll\ c{lti[:litlili:l, c[l]ylcnc  carbona[c  (IK) and

[VI IK))I:IICS  (c.~. (Iirll[ll)yl  c a r b o n a t e  (IJM~),  cticthyl
(:lrl,(l[ui[c  (1)1: (’t), I l(,t~cvtl,  t}w dcctrolyte  used for cells
nil\  ill\;  (’()! .(’  arml(. tt’il.  I M  1 .il’l; ~ in propylene carbonate
( J ’ ( ’ )  UM1  (lltllet}m.~~  ~il,;lrw (l) Mli).  The ele.ctrolytcs  w e r e
store(l  Lltld(l  litlliurll ul]ilm  lot at lc:ist  one week  pr ior  to USC.

1 IXJK’  irllCl(ill  s},ir dll,v v, outl(l scaled cells were constructed
~’i}r l~crli)llrmtlc(’  clalll[:lioll. A l l  o f  t h e  cell a s s e m b l y
(I}xt  olions  welt’  Cilll  IL*I (~111  it! an oxygen :ind m o i s t u r e  f r e e
plovc  box  ‘1 I]( tu.1 L i I 1~ wctc  e v a l u a t e d  f o r  c h a r g e  a n d

(iiw’11.ll~,c  (’ll:ilil(tcliili(~, I:ll[l(laic utilization  of the eledrodc
:(ttl~)~  rnai(iials,  ]il(~  c;lj),ll)ili(y  ancl  cycle  life.  I’hc t e s t  c e l l s

wc!c  (iisdl;mfj~d  al ctIII~!ItIl curwnt. Two methods (either
Cotlsl<lllt c[ltlc.rll  (II ((III~l:IiIl  vottag,c) w e r e  u s e d  fbr the.
ctwl~!in:  (I1  ll)c lr.t CUIIS,

Hesults  and Discussion

( 1 )  Ijlccfrodc lalII i(;ttiott  Mcthoc]:  I n  ~dditiorl to
s{ IIIlt pl-c\ioL]sly i r) I I(II L\c  dcvclopd  elcctrmk fabrication
tichr]iquc.  ((l]l)j~ir)y  Iulitllinf’ and pcssing),  a spray-coated
tlwll]{d w(ti dcvcl[qxtl  to t)r~.imle the cathodes and anocles on
I ]rlil Illick :Ilur[lir]llr[l ancl copper foil  substrates,
]L.\p~ttivcl  v. }’\T(ll II I;IILI ial  l):ls usd as tllc  clectmctc  binder
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at ambient kmpci  atorc in organic e.tcctroly(e  { L’] 1 \ i \ I )t
known.  l-kcntly,  we h a v e .  tt id to intmcalatc  1 i illlt, llli~
m a t e r i a l  clcctr{)ctlc]llic:illy  at room tc.nlpcrdlur  t o~i t 1 } ,111

mganic dcdmlytc.  A  v o l t a g e  plateau  a[ 260 III\’ ( 1~ 1 i )

was obscrwd,  which is vcty allraclivc  fm usiny, lllis 111. Ilt I I;II
a s  a n  al[u INIIC anocic. ‘lhc  1  i clc-il)tcr~:ll:llio])  (1111  t ~1

1,iXMS2Si  was also cwalua(ed  and t h e  rrsult  i s  sl~ou  It II

IIgur’c 1.
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Flgurc  1. Charge and dlscllargc profk!s for the LI/ECDtJCWJ7SI  c. ‘

X-ray cliflraction  (XI<lJ)  analysis revealed that il is ~hl>iil II(
to clcctrt)cl]cll]ically intcl~alalc about  onc 1  i Ilct Al!’ $]
while still IClainins  the crystal stt”udurc.  ‘]’tlc X[{l J fL .IIll~

ciicl  not  shmv cvidcacc fol- the cxistcncc  of’ the N’111 (JI I 1, ,’~i.
phases. ‘1’he alnbicnt tmpmturc Cl(’.,’t  l’()(”llcllll!  !1’

intercalation of 1,i inio M:,lSi formal sinp,lc plI:I\r(\) ill~tt  J.:
of multi-phases. [hn[inud  1 .i intcrcalatiotl  twj~~ll(l  III(

composition 1,i ,,(,h~p,~si  caLmd lhc  Inatcl  ial to lk’,.’(~rrl(

amorphous. lixpcrilnen[al h4gJS  i/J .iCooz CCIIS ci)tl{;lif~  I Ij, . ,  ,an Clcdl. olyte. oj 1.0h4 1 JI’ll()  III 1 K. + I)MC., \\ILI  t- l, II Ii jt.ttlt.,ti

and (IIC  clcclrical  performance of these cells w:l< ct ill u. 11<4.1

The charge and diwhargc  ]mfiles  of the cc.11~  at c <l II )wrl  i II

l;igorc  2. lixpcrimcntal  results and obscrvali(ltls illdlt{ll(  Ill II
the MgzSi clcclmlc  intwrity  Wm WXI :IIILI  Sl~IIJIC  ill III(

non-aaocous  orfynic ckclrolytc.  ‘1’hcsc  C.xpcl illlClltitl  C II

have L’-0nqMd-70  Cycks  (1 iig;lllc 3).
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Figure  2 Charge and dmharge  pmlllcs for the Mg2SilECDM[;/L  I( !I[).) [ * ‘1

. . . . —.
D,scharge Current
I z 0.362 (mAlcrn2)

+004- . - - -  r--’ r . r---  -—l—–—--
0 10 2(, :1(1 40 50 60 70

CyCIC  Nun!ber

F I<lur,  3 [y.:;  I ‘I {,ctim,,ance  of MgZSi/LiCo02  cell.

((, ) I i.ioll  C’CII J)(si~ll Stucly: A task was initiated to
i]l}csli[latc IIlc inf’luttluc 01 kcy design patamctcrs on 1 i-ion
C(’11 ])~”1’10llll~flL’C  U\iIlj’ it I (IhusI clcsign a p p r o a c h  (TagL[chi
]lwth(~fl).  ‘1 tlis  cxl)ci  il[l~’]ltiil  dcsip,n  approach  has  severa l
a(l\:ifltdgcs,  il~l’llditlp IIic (Jl)lion of evaluating more than
OIIC lilliabl[  a! a tilll( a~ v,cII a~ the bcndit of being able to

JC,iio  the l)utlil)ct  01  C\JJ:I  illlcvlts  that need to bc stuciie.ci. It
al~(l II(:lp[, tl]c s[(l(iy  {~1 tile i n t e r ac t ion  bctwccn d e s i g n
}li,l ;iTl,c[cis  llII(i{:t :1 ((111(1 il[(  l’1011~  JII1,,  Wiison  Grcatbatcil
1.’i’l ). ( \Y[il ) a]ll~llu,i ‘1’:l~!llctli Inetlmis  to assess the. effects
01 (i~~i~n f;t(.1(,1s  (It, 1 i iot] c e l l  ( u s i n g  c o k e  afmcic)

l}uilotIl)atK(.  [n tile stll(i,y. a ]Ilalrix  of 1,8 orthogonal array
lvd~ cl I[wct  I kI] IIIC cjill~l:llioll  of seven  cicsign factors at two
IcI(I<  ‘1’11{ Srvc],  l’il~’1(11  \ itivcsligatcci  inchrctc:  (1 )  calimic

IIiatcli:lls,  (2) alml( IIliil,iials,  (3) clcclrocic p o r o s i t y ,  ( 4 )
itl[crcluclt(~~k slhwitl}’, (5) ceil baiancc,  (6) cicctrolyte salt,
ati(i (’l ) clci~r(jlytr s{~l~ till lyIw. It was foun(i  tilat the major
j:,r[ol ~ whi~  h LI)IIII  ~11 I I,, LTll  i~ctforniance  are: ccli balance,
CIL. ( IIolytc  !,ait ly])c, cl(+.lli)lytc  solvent type., and type Of

(; III IOII. lhwAi  011 IIIC SLIIIIIIIaIy of the work, several cells
u ill iIL fabl Icatc.(i  iIIILl  tc.  b.J  to cxmfirun the,  feasibility of this

(i(’\i~ll  ai)pItm.11.

( 7 )  lm\\  “I’{! III] K’1O(UI(’ IJi-ion Cell Study: V a r i o u s
IC’cllalycabl(’ ba(lrl.s s) ’s\ L”lll\, such as Ni/Cci or Ni/11, have
a[t~<ic[ivc :,l)c(.i~tc a!l(i i)t)uct  (icnsiticx but ]i]niteci operating
tcnllx’] at[llc litll[’(’  ciuc Ii) It I(’ LISC  of :Iqucous-bwli  Cicctrolyk

it, II~(,\{  cdws.  III  ;I(l(lilioll, tile r e a l i z a b l e  e.fficicncies ad

rncrpy  cic]~~.itics  oi tlILsr systctns arc ]athcr  l o w  a t  s u b z e r o

ftl]l]~;t[l((llts.  ‘1’IIc ;Illllli(l(t tcllllmatutc  of some of N A S A ’ s
])1 ZlllL’(ill”j’ tllissi{lli< aIt II IUCII l o w e r  tilan - 2 0  T. T h i s

]]L(c\sitatL  L i~ls[ll:l{i(~ll  (If tl)c battery from cxtrcm  ambient

LCIIIp,I  :lt~l[cs  IM(\aiCIII :11 l~latwtaty  surfaces an(i possibly a
\villlll  111) {d IiIC  iI:III(I  ) b} a n o t h e r  e n e r g y  s o u r c e .  N o

rlcL[l  ~lui]clllicol  sjsttli]. aIC known to junction  effectively in
~Lich col(i (n~itolllllcllti  At .iI’1,, WC. propose to carry out
siuiii{i  icatli]l}l,  I(I aIl  i(i~lltii’l(:lti(~l~  an(i  evaluation of such a
0 J o},fnic  i,atlcty  \y\t\IIt,  Imwxi on our p]-cscnt Lrncic.rstanciing
of tiII  a(i\:!licLxi  1 i aII,i 1 l-io]l ba t te ry  systems.  I’he limitcci

tlrlll,.iatul(  ritl):t c)j IiIL (xis(ing balmy  systrms  is c l u e  to
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the freezing of tlw clcctloly[e solution at tclt]lwl aIIIIt.  lx I(,,

-20 “~., Accoding,ly,  the ]W{)JWSCC1  study bcgill~ v,i[}l it w , IL .
of e.xpcrilnen(s  leading, [0 an idcntifkatioll  f~l Silil  Ill,

Clcctro]ylc  solu[ions  based o n  solvcn(s  Ihal Illaitlllill [ I I ,

]k]llid  Sl[liC at ] O W  tClllJKXa{UIC. ‘1’IIC  goal 01” llle (’1( ,’(lO1)  ’1(”

sub- task  is to idcnlify an c.lec.trolyte. with a cl~l}tltlcli~  il,  {If

1 ()”4  to I ()  2 S /c I l l  ill the tCll)pCl;ltUlt!  r’angc  of 40 to () ‘(
l’hc spccilk  objcc(ivc  of the dcdrdc  material. SIIII  l;I\l  i..
to i d e n t i f y  high  s}>ccific e.rm~y clcclrocle  matcI iols M illl  ltI\(

l i t h i u m  i o n  (Iillusivity  nt  l o w  tfxt}pcraturcs.

Summary

‘1’hc rcccnt pt-{~p,tc.ss  of’ oLlr  1 ,i-ion cell devcl(~J~tll:lnl 11 i.
bc.cn described in this pa])er. A spmy-coaicd  II lCIIM Ml \I.,~.
(Icvclopd to f’abricak  clccl I odes with uniforl 1 t 1( H(< I [ 1 }~, !Ih  I

prcxlictabk pctforInancc. ‘1’hc tcsl rcslllls o f  (Ill’ (’1(.. II I I  ‘;11

I>crforl]mncc  d’ cells c,ol]taining tbcsc clcclro(lcs ;Iti(l LI1l’i({,{ll

t ypcs  of scjmrators  ]cads  to the sclcc[ion  of ( ;el~,ml ;) $( KI II.
a promisinl:  sqmalor  for  1 i - ion ec.lls. in a(lclili{l  l),  wc  II ,}’(

idcntilkl a new candidate 1 ,i-ion ccl] chctnis(l y I)iis,.,1 i II tti(

MgzSi andc. IIowci’ct,  the detailed nlicrostructulu  iill(l  [III ~i

changes s t i l l  ncd furllml invcs[igation, Ily llsill~,  111(
laguchi  at]alysis, i[ h a s  b e e n  ddcrmincd ttl:~l  IIIL  t 11

pcrforlnance  is hig,llly dcpcnde.nt On the kcy 1,:11 at Iirlvt ~, s! I,
as the clcctlodc capacity mlio, types of eleclloly[(’  :~11(1 1] 1 I. i
of carbon. A ct yogctlic  ] ,i-ion CCI1 system bawd OJI :l,l\’i/tl, c,,]

low tcrnpcri\(Llrc e lectrolytes  and Clcclrodc I I Iill(’1  III  \ i \

c u r r e n t l y  u n d e r  dcvclopncnt for Cxlrclllc  cll\ii{ltjl!).111,~1

application.
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